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  26 
Abstract 27 
Vegetation is a characteristic feature of shallow aquatic flows such as rivers, lakes and 28 
coastal waters. Flow through and above aquatic vegetation canopies is commonly described 29 
using a canopy mixing layer analogy which provides a canonical framework for assessing 30 
key hydraulic characteristics such as velocity profiles, large-scale coherent turbulent 31 
structures and mixing and transport processes for solutes and sediments. This theory is well 32 
developed for the case of semi-rigid terrestrial vegetation and has more recently been applied 33 
to the case of aquatic vegetation. However, aquatic vegetation often displays key differences 34 
in morphology and biomechanics to terrestrial vegetation due to the different environment it 35 
inhabits. Here we investigate the effect of plant morphology and biomechanical properties on 36 
flow-vegetation interactions through the application of a coupled LES-Biomechanical model. 37 
We present results from two simulations of aquatic vegetated flows: one assuming a semi-38 
rigid canopy and the other a highly flexible canopy and provide a comparison of the 39 
associated flow regimes. Our results show that while both cases display canopy mixing 40 
layers, there are also clear differences in the shear layer characteristics and turbulent 41 
processes between the two, suggesting that the semi-rigid approximation may not provide a 42 
complete representation of flow-vegetation interactions.  43 
1. Introduction 44 
Vegetation is a common feature within lowland river environments and influences the 45 
functioning of the river system [1]. It acts as an additional source of channel resistance and 46 
has been shown to alter bulk flow velocities and conveyance [2-4], generate turbulence 47 
through coherent flow structures [5-8], modify sediment transport processes [9-11] and 48 
increase habitat diversity [12,13]. Therefore, a good process understanding of boundary layer 49 
flow through and around vegetation is central in predicting the functioning of the fluvial 50 
system.  51 
 52 
As a result, much research has been conducted into vegetated channels [14]. Our current 53 
theoretical understanding of aquatic vegetated flows has been based on our understanding of 54 
terrestrial flows through crop fields or forest environments (as reviewed by Finnigan et al. 55 
[15]). Terrestrial canopy research led to the development of a canonical theory for canopy 56 
mixing layers, based upon classical free shear layers, or mixing layers, which has been used 57 
to describe flow through and above terrestrial vegetation canopies [16,17] (see section 2). 58 
 59 
As research into aquatic vegetation canopies has subsequently developed, this theory has 60 
been transferred and applied to aquatic environments with much of the terminology 61 
associated with terrestrial canopy flows being adopted and adapted for aquatic canopy flows 62 
[18,7]. However, aquatic canopies inhabit very different physical environments to terrestrial 63 
canopies. This will alter the force balance between the flow and vegetation and may 64 
substantially modify the dynamics of flow-vegetation interactions. As a result, aquatic 65 
canopies display differences in morphology and biomechanical properties. Most notably, 66 
submerged aquatic macrophytes are often highly flexible and buoyant, which will affect 67 
posture and plant-flow interaction [19]. Thus, in this paper we test the hypothesis that there 68 
are fundamental differences between aquatic and terrestrial canopy flow structures.  69 
 70 
We begin by reviewing general canopy layer theory, which applies to terrestrial vegetation 71 
and semi-rigid aquatic canopies, before highlighting the potential differences in highly 72 
flexible aquatic canopies. We then use an LES-biomechanical model framework [20] to 73 
simulate flow through both an idealised semi-rigid terrestrial-style canopy and a highly 74 
flexible canopy more typical of those found within rivers. We apply this model in order to 75 
capture the high resolution flow dynamics across the length and breadth of the canopy. Using 76 
these data, we characterise both flows within a canopy mixing layer framework and compare 77 
the predicted and observed canopy flow variables. 78 
 79 
2. Canopy Mixing Layer Model for Semi-Rigid Canopies 80 
2.1. Velocity profile 81 
Plant canopies act as a porous blockage [21,22], restricting flow but not preventing it. This 82 
porous effect creates two very different velocity regimes: one above and one within the 83 
vegetation canopy (𝑈1and 𝑈2 in Figure 1). This leads to the formation of a 3-zone velocity 84 
profile [23]. The canopy zone is characterised by a region of low longitudinal velocity and 85 
also very low longitudinal velocity gradient in the vertical direction [24,6]. The log-law zone 86 
above the canopy is unaffected by the additional vegetative drag and therefore the velocity 87 
follows the typical logarithmic boundary layer profile [25]. Where these two regions meet, 88 
there is an inflection point within the velocity profile and a mixing zone forms, with a 89 
hyperbolic tangent curve, or S-shaped velocity profile [16,26,27]. This velocity profile has 90 
been observed both in terrestrial [16] and aquatic canopy flows [7,5]. 91 
2.2. Turbulence structure and characteristics 92 
The turbulence structure of canopy flows can be split into three distinctive length scales, 93 
which correspond to the different velocity profile zones, defined as fine-scale wakes, the 94 
active mixing layer and the inactive boundary layer [16]. Fine-scale wake turbulence as a 95 
result of stem vortex shedding is a key process within the canopy system, controlling the 96 
magnitude of the drag discontinuity between the canopy and the flow above, and in turn 97 
affecting the scale of canopy mixing layer turbulence [14]. However, despite its importance 98 
as a process in defining canopy scale dynamics, stem-scale wake turbulence accounts for only 99 
approximately 10% of the in-canopy turbulence intensity [28]. As it is small-scale in space 100 
and time, assuming no backscatter of energy, it will quickly dissipate away into heat [29]. 101 
Most canopy flows exist within a larger boundary layer, producing large-scale turbulent 102 
structures that scale with the depth of the entire boundary layer. This turbulence will interact 103 
with the shear-scale eddies but within the canopy it is less likely to impact on the turbulence 104 
statistics and is therefore termed ‘inactive turbulence’ [16].  105 
 106 
Instead the active mixing layer turbulence dominates the TKE budget within the canopy [16]. 107 
These vortices are generated by the Kelvin-Helmholtz (K-H) instability mechanism as a 108 
result of the inflected velocity profile of the free shear layer [30,31]. The initial inflection 109 
point instability evolves and develops into a series of waves which grow downstream before 110 
rolling up into distinct, inclined spanwise roller vortices (Figure 1) [15,32,5]. These vortices 111 
expand with distance and time until shear production equals canopy dissipation and the 112 
vortex reaches its equilibrium size [32,33,7]. 113 
 114 
In between these spanwise rollers, braid regions develop exhibiting high strain rates. Pairs of 115 
counter-rotating streamwise rib vortices form in these regions [26] and interact with the roller 116 
vortices. Ambient turbulence within the flow then causes pairing of the roller vortices and the 117 
interaction between the pair’s vorticity fields causes them to converge and rotate around one 118 
another [17,5]. This eventually leads to the development of pairs of head-up (H-U) and head-119 
down (H-D) vortices which induce sweep and ejection events. 120 
 121 
This is a key theory as it links two prominent aspects of turbulence research within canopy 122 
flows: the development of Kelvin-Helmholtz instabilities and the occurrence of coherent 123 
sweep and ejection motions within the canopy. Following Lu and Willmart [34], sweeps (Q4 124 
events) are defined as events with larger than average downstream velocity and smaller than 125 
average vertical (upward) velocity, and ejections (Q2 events) as events with a smaller than 126 
average downstream velocity and a larger than average vertical velocity. It is well 127 
documented that within canopy flows, sweeps dominate the canopy region and ejections 128 
dominate the flow above [35,36,32,37,24]. It is also recognised that these intermittent, high 129 
momentum events are responsible for the majority of energy and momentum transfer between 130 
the canopy and the flow above [38,24].  131 
 132 
A number of studies of semi-rigid canopies in both terrestrial and aquatic environments have 133 
shown the correlation between sweep and ejection events and the passage of canopy roller 134 
vortices [24,39,8,40,23,17]. In contrast to the theory of Finnigan et al. [17], who relate sweep 135 
and ejection events to hairpin vortex formation, other studies hypothesise that sweep and 136 
ejection events simply represent manifestations of vortex passage within the velocity signal 137 
[39]. Nevertheless, it is clear that mixing layer vortices and sweep and ejection events are two 138 
key observable properties of canopy shear layers and that the two are mechanistically linked. 139 
2.3. Plant response and interaction with the flow 140 
Plant motion in response to the flow can be categorised as one of four regimes. These are 141 
erect, gently swaying, honami/monami (coherently waving) and prone [41,6,18,42]. The 142 
regime of motion observed for a particular canopy will be determined by the biomechanical 143 
properties of the vegetation as well as the drag force [43,32]. While these regimes apply to all 144 
canopies, aquatic plants tend to have greater flexibility leading to a greater range of plant 145 
motion [6]. The most complex regimes are gently swaying and coherently swaying as these 146 
represent dynamic interaction between the flow and canopy. Canopy motion can help absorb 147 
momentum from the flow, regulating canopy turbulence [8] and there is also evidence that 148 
the natural frequency of the stems can modulate the velocity field and vortex shedding rate 149 
[44,45,24,5,46]. 150 
 151 
3. Differences between semi-rigid (terrestrial) and highly flexible (aquatic) vegetation 152 
In the previous section we summarised the influence of vegetation on flow from theoretical 153 
work and observations both in terrestrial and aquatic environments. The majority of aquatic 154 
canopy layer studies have used vegetation analogous in morphology and biomechanical 155 
properties to that used within the terrestrial environment [47,5] or have focussed on aquatic 156 
equivalents such as seagrasses [7]. However, aquatic vegetation in rivers exhibits a wide 157 
range of forms and can be significantly different to terrestrial vegetation in morphology and 158 
dynamical behaviour. Here we suggest that there are three main considerations which must be 159 
taken into account when comparing highly flexible aquatic canopies with their terrestrial 160 
counterparts. 161 
3.1.  Depth-limitation of aquatic flows 162 
Within terrestrial canopies, where the canopy height is small in comparison to the boundary 163 
layer height, canopy mixing layer processes interact with the larger scale boundary layer 164 
hairpin vortices [17]. Contrastingly, aquatic flows are depth-limited and therefore boundary 165 
layer development is restricted and the flow may be dominated by the K-H instability process 166 
in the mixing layer [6,48]. Furthermore, vegetation growth is depth-limited through light 167 
availability, and therefore deeper aquatic flows where boundary layers may be more 168 
significant are less likely to be heavily vegetated [49-51]. 169 
3.2. Biomechanical properties and force balance 170 
Within terrestrial environments, plants rely upon rigidity to support their own weight as they 171 
grow to compete for light [52]. Conversely, within aquatic environments where the fluid 172 
density is 1 000 times greater and therefore the density difference between the plant and the 173 
fluid is smaller, rigidity is less important, allowing aquatic plants to be more flexible [53]. 174 
Furthermore, aquatic species can be positively buoyant [54] and therefore do not rely upon 175 
rigidity to compete for light. While rigidity can still be important, particularly for emergent 176 
aquatic plants (e.g. Phragmites spp.), the majority of macrophytes exhibit low flexural 177 
rigidity in response to drag [19,54]. Aquatic plants can experience a drag force 25 times 178 
larger than terrestrial plants for a given velocity [55,51]. Therefore, low rigidity enables 179 
aquatic plants to reconfigure within the flow to minimize the drag and prevent uprooting or 180 
damage [56]. 181 
 182 
The differences between the terrestrial and aquatic environments create different force 183 
balances. In the semi-rigid terrestrial case, the main forces acting on the stem are the drag 184 
(𝐹𝐷) and the internal rigidity force (𝐹𝑅), whereas in the highly flexible aquatic case, the main 185 
forces are the drag force and the buoyancy force (𝐹𝐵). These two types of plant may be 186 
characterised broadly as ‘bending’ and ‘tensile’ plants [57]. This classification is made on the 187 
basis of the Cauchy number (Ca) which is the balance between the drag force and the rigidity 188 
force. 189 
 𝐶𝑎 = 𝐹𝐷/𝐹𝑅 (1)  190 
Nikora [57] categorised plants with large values of 𝐶𝑎 as tensile plants and those with small 191 
values of 𝐶𝑎 as bending plants. Luhar and Nepf [54] extended this approach by characterising 192 
the spectrum of vegetation behaviour using both the Cauchy and the Buoyancy number (B).  193 
𝐵 = 𝐹𝐵/𝐹𝑅 (2)   194 
They used these two parameters and their ratio, which between them represent the ratios 195 
between the three key forces, to predict plant reconfiguration. The classification of plant (i.e. 196 
bending or tensile) will have an impact upon plant-flow interactions, such as flow modulation 197 
by the natural frequency of the vegetation which is likely to be more prevalent in bending 198 
canopies. 199 
3.3. Posture and form 200 
As a result of the different force balance, many aquatic plants adopt a horizontal position 201 
within the flow, which is a departure from the idealized, perpendicular canopy structure used 202 
within terrestrial canopies and many aquatic prototype experiments [58,47]. It is therefore 203 
likely that plant-flow interactions will reflect that. Aquatic vegetation must find a balance 204 
between drag reduction and photosynthetic capacity [59,60]. Therefore, aquatic vegetation 205 
commonly has substantial foliage with a large surface area to maximize light capture. As a 206 
result, aquatic vegetation is often characterized by complex plant morphology, which the 207 
canopy mixing layer model does not account for. This may be significant in terms of flow 208 
structure as foliage can inhibit momentum exchange between the canopy flow and the flow 209 
above [61]. 210 
 211 
Considering all these factors, flow structure and flow-vegetation interaction within aquatic 212 
canopies may be potentially quite different to terrestrial counterparts. However, our 213 
theoretical understanding on aquatic vegetation is still firmly based on our process 214 
understanding of semi-rigid terrestrial vegetation. Simulating flow through both semi-rigid 215 
and highly flexible canopies enables us to assess whether using the theoretical framework 216 
generated from work in terrestrial plants is directly transferable to aquatic plants. 217 
 218 
4. Methods 219 
4.1. Design of experiments 220 
In order to simulate flow over a canopy, numerical simulations were conducted using a 221 
domain 1 m long (l), 0.16 m wide (b) and 0.32 m deep (h) (Figure 2).  A canopy of 300 stems 222 
was placed within the domain, with a solid volume fraction of 𝜙=0.176 (frontal area per 223 
canopy volume, a =25m
-1
) which represents dense aquatic vegetation and is of a similar order 224 
to that used in other canopy studies [62]. Each stem was 0.15 m tall with a radius of 0.005 m, 225 
a material density of 950 kgm
-3
 and a flexural rigidity of 3.0 x10
-4 
Nm
2 
for the semi-rigid case 226 
(𝐶𝑎 ≈ 5, 𝐵 ≈ 0.40) and 3.0 x 10-8 Nm2 for the highly flexible case (𝐶𝑎 ≈ 50000, 𝐵 ≈227 
4000). The stems were positioned in a staggered arrangement (Figure 2). The bed was 228 
simulated using a no-slip condition and a logarithmic wall function (y
+≈20-40) while, the 229 
sidewalls of the domain were simulated as frictionless boundaries to minimise domain-230 
induced wall effects. The free surface was simulated using a rigid-lid treatment. A periodic 231 
boundary condition was used at the inlet to allow the full development of a canopy layer 232 
profile with a mean domain velocity of 0.3ms
-1
. The flow was fully turbulent and sub-critical. 233 
Flow was simulated for 60s, of which the final 30s of data (approximately 9 flow-throughs) 234 
were recorded for analysis. 235 
4.2. Numerical Solver 236 
The numerical experiments were conducted within a three-dimensional computational fluid 237 
dynamics (CFD) framework within which the Navier-Stokes equations for mass and 238 
momentum were coupled and solved using the SIMPLEST algorithm [63]. In this algorithm, 239 
an initial pressure field is prescribed which is then used to solve the momentum equations. A 240 
pressure correction equation is then applied to ensure continuity. This updated pressure field 241 
is then used to solve the momentum equations again and this iterative process is repeated 242 
until residual errors are reduced to 0.1% of the inlet flux. A regular Cartesian grid with cell 243 
size of 0.002m in each direction was used and the flow was solved using staggered grids for 244 
scalar and vector variables. In order to balance the demands of accuracy and stability, a 245 
second order, bounded, upwind differencing scheme was used for the convective terms, while 246 
central differencing was used for the diffusive terms. The Navier-Stokes equations were 247 
solved using Large Eddy Simulation (LES), with a constant Smagorinsky sub-grid scale 248 
model (𝐶𝑆 = 0.17). The vegetation stems were represented as an immersed boundary within 249 
the domain using a dynamic mass flux scaling algorithm [64], whereby individual cell 250 
porosities are altered to account for the presence of dynamic mass blockages within the flow 251 
without the need for adaptive re-meshing at each time-step [20]. Therefore, in contrast to 252 
many LES studies which use fitted grids, with refinement near boundaries, this method 253 
represents a low-resolution LES approach, similar to that of Kim and Stoesser [65]. 254 
Consequently, fine-scale turbulent vortices shed from the individual stems into the wake are 255 
not resolved within the model. The impact of this simplification is discussed in Section 5.2. 256 
The fluid-structure interaction was solved in a sequentially staggered manner [66], such that 257 
velocity and pressure data were passed from the fluid model after each time-step in order to 258 
derive plant motion and then new plant position data were fed back into the fluid model for 259 
the next time-step. The drag force provided the coupling between the flow and plant models, 260 
while other fluid forces where not considered for simplicity. Thus, the effect of the vegetation 261 
on flow was incorporated directly through the mass blockage, no slip boundary condition at 262 
blocked cell edges and resulting drag force. The corresponding fluid drag force acting on the 263 
stems was then calculated from the LES pressure and velocity data interpolated at the stem 264 
boundary. The plant position was then solved by balancing the external drag force against the 265 
internal inertial and bending stiffness forces [20]. 266 
4.3. Biomechanical models 267 
To simulate plant motion, two different biomechanical models were applied. These two 268 
models were used to represent the two different vegetation types described in Section 3.2. 269 
The first was based upon the Euler-Bernoulli beam equation and is applicable to semi-rigid, 270 
‘bending’ vegetation (𝐶𝑎 ≈ 𝑂(1), 𝐵 < 𝑂(1)). Each stem is represented as a cantilever beam 271 
and shear effects are neglected. This type of model has previously been successfully applied 272 
to semi-rigid vegetation canopies [67,68]. The second model is based on an N-pendula 273 
approach and treats each vegetation stem as a series of pendula connected by “hinges” or 274 
“joints”. This model is suitable for modelling highly flexible ‘tensile’ vegetation (𝐶𝑎 ≫275 
1, 𝐵 ≫ 𝑂(1)) with low rigidity and localised bending. Similar models have previously been 276 
applied to seagrasses [69,19]. Full details concerning the two biomechanical models are 277 
reported by Marjoribanks et al. [20]. 278 
4.4. Analysis methods 279 
In order to compare the results within the canopy mixing layer theory framework, four main 280 
analysis methods, which have been used previously to characterise canopy mixing layers [e.g. 281 
7,32,8,70,17] are applied to the data.  282 
4.4.1. Normalised velocity and Reynolds stress profiles 283 
These are calculated using temporally averaged flow data extracted from the end of the 284 
canopy, spatially averaged across the canopy width (x/l=0.84). The variables are normalised 285 
following the approach of Ghisalberti and Nepf [7]. In these equations, 𝑈 and 𝑢′𝑤′̅̅ ̅̅ ̅̅  are both 286 
temporally averaged but are functions of height (𝑧), ?̅? is defined as the arithmetic mean 287 
velocity of the two flow regions, Δ𝑈 is the difference between the mean velocities within the 288 
two flow regions, 𝜃𝑀 is the momentum thickness which is a measure of the thickness of the 289 
shear layer, and 𝑧̅ is defined such that 𝑈(𝑧̅) = ?̅?. These normalised velocity profiles allow 290 
comparison of the data to a conventional mixing layer and can also be used to calculate key 291 
mixing layer variables such as the mixing-layer induced Kelvin-Helmholtz (KH) vortex 292 
frequency (𝑓𝐾𝐻) [31,7]. 293 
 294 
 𝑈∗ =
𝑈−?̅?
Δ𝑈
    (3) 295 
 𝑢′𝑤′̅̅ ̅̅ ̅̅
∗
=
𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅
Δ𝑈2
    (4) 296 
 𝜃𝑀 = ∫ [
1
4
− (
𝑈−?̅?
Δ𝑈
)
2
]
∞
−∞
𝑑𝑧    (5)  297 
 𝑧∗ =
𝑧−?̅?
𝜃𝑀
    (6) 298 
 𝑓𝐾𝐻 = 0.032
?̅?
𝜃
    (7) 299 
 300 
The mixing layer velocity profiles are compared to the typical hyperbolic tangent profile of a 301 
mixing layer [7]. The Reynolds stress profiles are compared to two previous studies. Firstly, 302 
the profile of Rogers and Moser [71], who used direct numerical simulation (DNS) to study 303 
plane mixing layers, is used as a comparison to a classical mixing layer theory. Secondly, the 304 
results are compared to the theoretical profile developed by Sukhodolov and Sukhodolova 305 
[72] for vegetated mixing layers using scaling laws and the turbulent viscosity model. 306 
4.4.2. Spectral and Wavelet analysis 307 
Time series analysis using both a Fourier and wavelet transform is applied for the full 308 
duration of the measurement period at a point along the centre line of the domain (y/b=0.5) at 309 
the downstream end of the canopy (x/l=0.84) just above the canopy-top to ensure no 310 
interference from stems (z/h=0.5). This enables the identification of key periodicities within 311 
the flow and is therefore used for assessing the representation of turbulence within the LES 312 
model and comparing observed vortex frequencies with those predicted using the canopy 313 
mixing layer model (Equation 7). A key advantage of wavelet analysis over other frequency 314 
transformations such as spectral analysis is that it retains a temporal dimension which shows 315 
how periodicities change through time [73]. The Morlet wavelet is fitted to the data across 316 
scales from 0.04 s to 20.48 s, centred at each point in the time series to calculate the wavelet 317 
power spectrum. Points that do not have statistically significant wavelet power compared to a 318 
white noise spectrum, and those subject to edge effects are discarded and the wavelet scale is 319 
converted to the equivalent Fourier period for comparison with other data [20,74]. For the 320 
power spectral analysis, the Welch periodogram method was applied to the time series data, 321 
with two non-overlapping windows [75]. 322 
4.4.3. Quadrant analysis 323 
Quadrant analysis is applied to identify the presence of sweep and ejection events within the 324 
flow [34]. Here, downstream (u) and vertical velocity (w) time series extracted from an x-z 325 
plane along the midline of the domain (y/b=0.5) are decomposed into mean and fluctuating 326 
components using Reynolds decomposition. The fluctuating velocities are then plotted onto a 327 
quadrant plot which divides the flow into a series of 4 distinct quadrant events: outward 328 
interactions, ejections, inward interactions and sweeps [34]. In order to exclude low energy, 329 
small-scale fluctuations, a hole-size (H) condition is applied which excludes data where 330 
|𝑢′𝑤′| < 𝐻𝑢𝑅𝑀𝑆𝑤𝑅𝑀𝑆 with a hole size of H=2 [34]. 331 
4.4.4. Eulerian and Lagrangian vortex detection methods 332 
To investigate the presence and nature of vortices within the flow, both Eulerian and 333 
Lagrangian vortex detection methods are applied. For the Eulerian methods, the Q criterion 334 
[76] is used which identifies regions where the magnitude of the vorticity vector is greater 335 
than that of the rate of strain. In order to determine the distribution of vortex size, the size of 336 
every vortex identified by the Q criterion was measured for an x-z slice down the centre-line 337 
of the domain for all time-steps. Only the data above the mean canopy top were used to avoid 338 
capturing small-scale and fragmented vortices within the canopy. In addition to the Q 339 
criterion, the spanwise component of the vorticity vector is presented, which provides a less 340 
stringent condition on vorticity as it is unable to determine between regions of high lateral 341 
shear and vorticity [77] but does retain information on the directionality of the vortices. 342 
Finally, the Lagrangian analysis applied the Finite-time Lyapunov exponent (FTLE) method, 343 
which tracks individual fluid trajectories back through time to identify regions of attracting 344 
phase-space [78,79]. This method is limited by fluid trajectories tracking back upstream of 345 
the domain inlet, and therefore the time period for tracking trajectories must balance the 346 
benefits of increased tracking back period [80] against the size of the region of the domain for 347 
which a full trajectory can be calculated. In this case, a track-back period of 0.5s was applied 348 
and regions near the inlet without valid trajectories are shown as no data. Vortices are 349 
identified as regions of attracting flow with ridges in the FTLE field highlighting the presence 350 
of Lagrangian coherent structures [80]. 351 
 352 
5. Results 353 
5.1. Description of the flow and normalised flow profiles 354 
Instantaneous snapshots of the velocity field (Figure 3) demonstrate that the model captures 355 
both stem-scale and canopy shear layer scale flow processes. At the stem-scale (Figure 3a) 356 
there is evidence of individual unstable stem wakes leading to the formation of a vortex 357 
street. Stem Reynolds number values vary between 𝑅𝑒 ≈300-2000 along the stem depending 358 
on the local velocity. For the semi-rigid canopy (Figure 3b), the flow quickly develops into a 359 
typical canopy shear layer characterised by a sharp velocity gradient at the canopy top, and 360 
formation of coherent turbulent structures along the canopy top. For the highly flexible 361 
canopy, this shear layer is less well defined and there is evidence of more complex flow 362 
structure due to the more prone position of the vegetation and increased plant motion (Figure 363 
3c). For example, the canopy height is much more varied than in the semi-rigid case 364 
exhibiting large scale streamwise undulations.  365 
 366 
The normalised velocity profiles (Figure 4) show that for both the semi-rigid (SR) and highly 367 
flexible (HF) canopies the flow is well described by a mixing layer. This is particularly the 368 
case for the highly flexible case which maps closely onto the idealised mixing layer profile. 369 
The semi-rigid case shows substantial asymmetry about the centre of the mixing layer with a 370 
steep decrease in velocity towards the canopy region (𝑧∗ < 0). The momentum thickness of 371 
the shear layers (θ, Equation 5), calculated from the normalised profiles is 0.021m for the 372 
highly flexible case and 0.016m for the semi-rigid case. This suggests that for the highly 373 
flexible case the shear layer is thicker. The normalised variables estimate the KH vortex 374 
frequencies (Equation 6) for the semi-rigid and highly flexible canopies as 0.52Hz and 375 
0.42Hz respectively. While the normalised profiles characterise the flow over the mixing 376 
layer regions they do not provide information on the location or dimensional width of the 377 
mixing layer. Therefore, the dimensional velocity profiles are also considered (Figure 5). 378 
These profiles show the difference between the two cases with a much wider and lower 379 
gradient shear layer in the highly flexible canopy case, as compared with the asymmetric, 380 
narrow and high velocity gradient mixing layer evident within the semi-rigid case. This 381 
highlights the generalising effect of the normalisation process which can remove significant 382 
differences in the velocity profiles and is not a sensitive indicator of self-similarity [71].  383 
 384 
The normalised Reynolds stress profiles (Figure 6) provide a more sensitive indicator and 385 
show that both the highly flexible and semi-rigid cases have Reynolds stress peaks larger than 386 
those typical of a classical mixing layer [71]. The highly flexible profile is similar in shape 387 
and magnitude to the theoretical profile derived by Sukhodolov and Sukhodolova [72] 388 
(𝛾 = 0.02) for vegetated mixing layers which also agreed well with their field data. The 389 
highly flexible profile also displays a smaller secondary peak below the centre of the mixing 390 
layer (𝑧∗ ≈ −4), which may indicate the presence of additional turbulent processes within the 391 
canopy due to either plant motion or flow recirculation within the canopy. This secondary 392 
peak is  20% of the mixing layer peak magnitude and is not present within the semi-rigid 393 
case. A similar peak is seen in the data of Okamoto and Nezu [8] for a canopy exhibiting 394 
monami. The semi-rigid profile confirms the asymmetry evident in the velocity profile, with a 395 
much steeper decrease in Reynolds stress towards the canopy (𝑧∗ < 0). The magnitude of the 396 
Reynolds stress peak is 50% higher than the highly flexible case and over 200% higher than 397 
the classical mixing layer case. This is due in part to the increased velocity difference (Δ𝑈) in 398 
the highly flexible canopy, as shown in Figure 5 which in turn decreases the normalised 399 
Reynolds stress (Equation 4).  400 
5.2. Spectral and Wavelet analysis 401 
The velocity power spectra for both simulations (Figure 7a & b) indicate that the turbulence 402 
predominantly follows the expected Kolmogorov decay rate, indicating that all the scales of 403 
interest lie within the inertial subrange and that the model accurately reproduces the turbulent 404 
processes with this range, with minimal impact of numerical diffusion or energy dissipation 405 
due to the SGS model [81,82]. As discussed in Section 4.2, fine-scale turbulence at the plant 406 
wake-scale is not resolved by the model and therefore experimental data are required to 407 
verify the model’s performance at such scales where, in similar models, low grid resolution 408 
has been shown to result in under-prediction of Reynolds stresses [83]. At larger scales, both 409 
flow spectra exhibit peaks close to the predicted KH frequencies (as labelled in Figure 7). In 410 
the semi-rigid case, this is a single, well-defined peak. In contrast, for the highly flexible 411 
canopy, there is a broader peak, which extends to higher frequencies beyond the predicted 412 
KH frequency. The plant motion spectra both display similar peaks to the flow spectra 413 
highlighting the coherence between flow and plant motion. 414 
 415 
The wavelet plot for the semi-rigid canopy (Figure 8a) shows a similar pattern to the spectral 416 
analysis, with a single dominant periodicity which is initially at the KH frequency predicted 417 
from the normalised profiles (𝑓𝐾𝐻 = 0.52, scale = 1.92s, shown by black line in Figure 8a) 418 
but then decreases in frequency and wavelet power in the second half of the simulation. This 419 
suggests that local canopy variables may cause the frequency to fluctuate through time. The 420 
dominance of the single mixing layer scale periodicity implies that the turbulence regime is 421 
controlled by the mixing layer. In contrast, the highly flexible wavelet plot (Figure 8b) shows 422 
a larger range of concurrent scales of periodicity as shown by the velocity spectra. There is a 423 
clear periodicity at the predicted KH frequency (𝑓𝐾𝐻 = 0.42Hz, scale = 2.38s), which as with 424 
the semi-rigid case appears to vary through time and is less well defined than in the semi-425 
rigid case. At approximately 15s this periodicity appears to decrease in power and potentially 426 
merge with the higher frequency scale before reappearing towards the end of the simulation. 427 
There is also a distinct lower scale (higher frequency) periodicity between 1 and 2s (0.5-1Hz) 428 
(Figure 8b, dotted line). This signal suggests the presence of additional turbulent processes 429 
within the canopy mixing layer region, possibly linked to the secondary peak in the Reynolds 430 
stress profile. This scale is greater than that predicted for stem-wake generated turbulence at 431 
the canopy top (𝑓𝑊 = 0.2𝑈/𝐷 ≈ 6) and therefore we suggest that this turbulence may relate 432 
to plant motion processes. This higher frequency signal contains significant energy with a 433 
similar magnitude wavelet power to the mixing layer periodicity, suggesting it contributes 434 
substantially to the overall TKE budget. Similar to the lower frequency periodicity, it also 435 
shows significant variation in frequency over the duration of simulation. This periodicity 436 
agrees well with the velocity power spectra (𝑓𝑉 in Figure 7b) where the turbulence production 437 
range extends to frequencies beyond the predicted KH frequency. There is also evidence of a 438 
lower frequency, lower power periodicity, which appears to separate from the mixing layer 439 
frequency temporarily between 10s and 25s. 440 
5.3. Quadrant analysis 441 
The distribution of high magnitude quadrant events (Figure 9) shows a dominance of sweeps 442 
(Q4) within the canopy and a stronger dominance of ejection events above the canopy for 443 
both the semi-rigid and highly flexible cases. Within each case, the peak values for sweeps 444 
and ejections are similar, with the highly flexible canopy exhibiting a 20-30% increase in 445 
occurrence of both. There is also a small peak in sweep events above the mixing layer in both 446 
cases. The sweep profiles are similar throughout the flow depth, although the highly flexible 447 
case has a higher proportion of sweep events at the top of the canopy (the pattern is reversed 448 
for the lower canopy). In contrast, the ejection profiles are less similar, with a larger 449 
‘background’ level of ejection events in the highly flexible canopy, approximately 1-2% 450 
higher occurrence than for the semi-rigid case, which extends throughout the flow depth. 451 
 452 
Inward interactions (Q3) show very little variation with height, with a relatively consistent 453 
low level (1%) throughout the flow depth, suggesting that the canopy flow regime has very 454 
little impact upon these events. Outward interactions (Q1) are prevalent within the canopy for 455 
both cases. This has been found in previous studies [36] and attributed to the impact of 456 
vegetation motion and the impact of a few large magnitude events penetrating into the low 457 
velocity region within the canopy. However, other studies have found no evidence of such a 458 
peak in outward interactions [84] and while this may be due to differences in flexibility or in 459 
stem density between cases, this remains an area for further work.  The contributions of 460 
outward and inward interactions diminish towards the canopy top, suggesting increased 461 
coherence within the mixing layer [23]. Similar to the sweeps, there appears to be a 462 
secondary peak above the mixing layer though the cause of these is unknown. 463 
5.4. Vortex detection methods 464 
The snapshots of velocity and vorticity within the flow (Figures 10 and 11) provide insight 465 
into the instantaneous vorticity field. For the semi-rigid canopy case (Figure 10), the 466 
instantaneous velocity streamlines (Figure 10a) highlight the presence of the large-scale 467 
coherent structures within the flow. The highest magnitude Reynolds stresses correspond to a 468 
structure just above the canopy top (z/h~0.5) at approximately x/l=0.8.  The vorticity field 469 
(Figure 10b) shows the dominance of clockwise (negative) vorticity concentrated along the 470 
canopy top and identifies the structure at x/l=0.8 as a clockwise vortex, consistent with a 471 
mixing layer roller or possibly hairpin vortex. Above the canopy there are weaker, large-scale 472 
vortices which appear stretched in the downstream direction, including the structure 473 
identified by the velocity streamlines in Figure 10a, centred at x/l=0.4. The Q criterion 474 
(Figure 10c) supports these findings, identifying a small number of large-scale vortices as 475 
well as much smaller scale vortices at the canopy top. The FTLE ridges (Figure 10d) also 476 
highlight the canopy top as the main region of vorticity, with the clear formation of a roller 477 
vortex at the canopy [78]. Marjoribanks et al. [20] demonstrated that the growth rate of this 478 
roller vortex is consistent with that associated with mixing layer growth. 479 
 480 
The velocity and vorticity plots for the highly flexible canopy (Figure 11a &b) show a more 481 
complex distribution of vorticity which extends throughout the full depth of the flow and 482 
includes substantial additional regions of anti-clockwise vorticity. Over the duration of the 483 
simulation, 64% of the above-canopy domain exhibits positive, anti-clockwise vorticity, in 484 
comparison to 41% for the semi-rigid case. There is also evidence of potential vortex 485 
shedding from individual stems (as labelled by the arrows in Figure 11). The Reynolds stress 486 
patterns (Figure 11a) show greater magnitudes of Reynolds stress within the highly flexible 487 
canopy, as compared with the semi-rigid canopy. This appears in contrast to the Reynolds 488 
stress profiles (Figure 7). However, as discussed earlier, the normalised Reynolds stress 489 
values are scaled by the velocity difference of the shear layer. Therefore, Figure 11a 490 
demonstrates that there are high values of Reynolds stress within the flow, but these do not 491 
relate to the strength of the shear layer (i.e. they are the result of additional turbulent 492 
processes). The Q criterion (Figure 11c) identifies a larger coverage of vortices than in the 493 
semi-rigid canopy, and the individual vortices are visually more complex in form. The FTLE 494 
results (Figure 11d) highlight vortex ridges extending from the canopy top into the main 495 
flow. The pattern is more complex than the semi-rigid case, with more vortex ridges present. 496 
The FTLE field also highlights the ridge between counter-rotating vortices which appear to 497 
be shed alternately from the canopy top at this instant.  498 
 499 
In order to assess whether these observations generalise throughout the simulation, the vortex 500 
size distribution over the entire simulation is assessed statistically. This was calculated by 501 
measuring the maximum width in the vertical (z) direction of each vortex at each time-step 502 
throughout the duration of the simulation for an x-z slice along the centreline of the model 503 
domain. The resulting distribution of vortex diameters (Figure 12), shows that the two cases 504 
are broadly similar with an increasing occurrence of vortices with decreasing size, which is 505 
expected given turbulence decay processes. The integral length-scale associated with the 506 
depth of the flow is 0.32m, however the dense canopy and high shear means that such 507 
vortices are unlikely to remain intact. Instead, the integral vortex size scales with the open 508 
flow above the canopy (~0.17m). This is demonstrated clearly in Figure 12. The average 509 
number of vortices observed at each time-step is similar (SR=21.1, HF=21.81). However, 510 
there are noticeable differences in the distribution of vortex size that suggest different 511 
turbulent production mechanisms between the flows, occurring at a range of scales. 512 
Primarily, the semi-rigid canopy produces more small-scale (<0.02 m) vortices whereas the 513 
highly flexible canopy produces more mid-scale vortices (0.02-0.1 m). For the largest 514 
vortices (>0.1 m) the distribution is similar between the two cases, with only minor 515 
differences. These three regions can be broadly related to different turbulent mechanisms 516 
within the flow.  517 
 518 
Firstly, the largest vortices (>0.1 m) correspond to shear layer vortices. This can be seen by 519 
examining the distribution of vortex diameter of vortices crossing the location of the time 520 
series extracted for the wavelet analysis. For the first 10s of the semi-rigid canopy 521 
measurement period, the wavelet spectra (Figure 8a) are dominated by a single low frequency 522 
periodicity. The distribution of vortex size at the time series location for this period (Figure 523 
13) shows that this larger scale vorticity most likely corresponds to the peak in vortex size 524 
between 0.10 and 0.15m. This is supported by the data of Marjoribanks et al. [20] who 525 
measured a shear-layer generated vortex reaching a width of 0.1m by the end of the canopy. 526 
Secondly, we suggest that the difference in distribution of small-scale vortices (<0.02m) 527 
relates to additional stem-wake generated vortices. These can be identified in Figure 11b at 528 
the canopy top. Assuming Taylor’s frozen turbulence hypothesis holds for these small scale 529 
vortices, a vortex diameter of 0.02m represents a frequency of approximately 6.25Hz which 530 
is consistent with that predicted for the wake shedding mechanism at the canopy top.  531 
 532 
Finally, we hypothesise that the medium-scale vortices relate to additional plant-flapping 533 
related turbulence within the highly flexible case. In order to investigate this further we study 534 
the relation between vortex size and vorticity for both the highly flexible and semi-rigid 535 
canopies. For vortices relating to mixing layer instabilities we expect a dominance of 536 
negative (clockwise) vorticity whereas for plant-flapping generated vortex shedding we 537 
suggest that the mean vorticity should be zero given that vortices of positive and negative 538 
vorticity are alternately shed (Figure 11a). For each vortex scale we analyse the vorticity in 539 
the regions defined as vortices according to the Q criterion using two measures: the 540 
proportion of vortices with mean positive and negative vorticity and the mean vorticity value. 541 
The results (Figure 14) show that the vorticity is very similar between the semi-rigid and 542 
highly flexible cases for vortices smaller than 0.07m (small and medium scale vortices). In 543 
this region, there is a slight dominance of negative vortices (approximately 60%) with a mean 544 
vorticity of between -1.5 and -2s
-1
. Between 0.07m and 0.11m the trend is also similar, but 545 
with a greater dominance of negative vortices and correspondingly a lower mean vorticity of 546 
approximately -2.5s
-1
. We suggest therefore that this may correspond to the most dominant 547 
mixing layer scale. 548 
 549 
For vortices greater than 0.11m there is a marked difference in vorticity with an increase in 550 
the dominance of negative vorticity for the semi-rigid case and the opposite for the highly 551 
flexible case. For the largest scales in the semi-rigid case the flow only consists of negative 552 
mixing layer vortices. Here the mean vorticity is approximately -5s
-1
 though this decreases 553 
substantially at the very largest scale, suggesting a weakening of vorticity. For the highly 554 
flexible case, although the proportion of positive vortices peaks at 90%, the mean vorticity 555 
peaks at approximately zero suggesting that the negative vortices are on average nine times 556 
stronger at this scale. This general pattern is demonstrated across the vortex diameter scale 557 
range suggesting that the mixing layer vortices are the strongest vortices within the flow and 558 
that counter-rotating vortices which we suggest relate to plant–flapping, are characterised by 559 
weaker vorticity. 560 
 561 
6. Discussion 562 
The results presented here for both the semi-rigid and highly flexible canopies display typical 563 
canopy layer flow characteristics. This demonstrates that shear instability characteristics 564 
appear to generalise over a range of plant flexibilities [7,85]. The normalised velocity profiles 565 
demonstrate that both canopy flows contain mixing layers associated with inflection points in 566 
the velocity profiles just above the canopy. Whilst the velocity profiles both agree with the 567 
classical mixing layer profile (particularly the highly flexible case), the Reynolds stress 568 
profiles both peak above the value observed for a classical mixing layer. This is in agreement 569 
with Sukhodolov and Sukhodolova [72] who found that for a natural vegetation canopy, the 570 
Reynolds stress profile was best described by their theoretical profile multiplied by a factor of 571 
two. The agreement with this profile observed for the highly flexible canopy (Figure 5) 572 
suggests that the highly flexible canopy is representative of the processes occurring in the 573 
natural vegetation canopy studied by Sukhodolov and Sukhodolova [72]. For the semi-rigid 574 
case, the Reynolds stress profile exhibits an even larger peak, This is in common with the 575 
findings of Ghisalberti and Nepf [32] who observed that the magnitude of the Reynolds stress 576 
peak increased with stem rigidity, though they observed a lower magnitude peak most likely 577 
due to the lower canopy density (a =5.2m
-1
).  578 
 579 
The wavelet analysis highlights the presence of mixing layer periodicities in both flows, but 580 
also suggests the presence of smaller scale, higher frequency periodicities within the highly 581 
flexible canopy flow. These periodicities do not coincide with either the wake-scale or 582 
mixing layer scale and therefore most likely relate to other turbulent production mechanisms. 583 
This observation agrees with Nikora’s [57] model for canopy flows which identifies six 584 
distinct turbulence regimes, including boundary layers, mixing layers and wakes across 585 
different scales. Of the regimes proposed, some are too large-scale (e.g. depth-scaled 586 
boundary layer, vegetated mixing layer) and others too small-scale (leaf-scale boundary 587 
layers, stem wakes) to relate to the periodicity observed in the highly flexible canopy. 588 
Therefore, we hypothesise that the observed periodicity corresponds to plant flapping induced 589 
turbulence. This mechanism cannot be simply described as one of the canonical flow types 590 
(e.g. boundary layer, mixing layer, wakes) but is most likely to be caused by a combination 591 
of, and interaction between, mixing layer instabilities and wake vortex shedding, similar to a 592 
flapping flag [86-88]. It should be noted however that a flapping flag is not the perfect 593 
analogue for vegetation stem flapping, due to it being fixed perpendicular to the flow at the 594 
bed. This mechanism of turbulence production is of great interest as it is likely to be closely 595 
related to plant form and biomechanics and will therefore vary across different plant types. 596 
Notably, this turbulence mechanism is not included within the generalised canopy layer 597 
model, where vegetation response is treated as an elastic bending response governed by the 598 
plant’s natural frequency [68,89]. Further research is therefore required to characterise this 599 
turbulent process, assess its overall significance and contribution and to include it within the 600 
aquatic canopy flow model. 601 
 602 
The absence of this turbulence scale (resulting from plant flapping) in the semi-rigid canopy 603 
allows a comparison of its effect in comparison to that of the mixing layer which is present in 604 
both cases. The presence of this scale does not dampen the mixing layer signal within the 605 
flow, as shown by both the normalised flow profiles and the quadrant analysis. However, 606 
there are some unexplained features which may be a result of this additional turbulence scale. 607 
The secondary peak in the Reynolds stress profile has previously been observed in canopies 608 
exhibiting coherent plant motion [8] and requires further explanation. Similarly, the highly 609 
flexible canopy exhibits a greater number of large magnitude ejection events throughout the 610 
flow depth. However, there is no corresponding increase in sweep events and therefore it is 611 
unclear as to the origin of these events. Finally, the highly flexible canopy exhibited much 612 
larger Reynolds stresses over the canopy. These phenomena require further investigation over 613 
a wider range of canopy conditions to determine the physical processes responsible for these 614 
observations and assess their persistence across a range of canopy densities, stem lengths and 615 
rigidities. 616 
 617 
The additional turbulence production within highly flexible canopies has a clear impact on 618 
vortex characteristics. However, the impact is not straightforward. Whilst large-scale mixing 619 
layer vortices dominate the semi-rigid canopy flow, for the highly flexible canopy flow there 620 
exist large-scale vortices with positive (clockwise) vorticity. This suggests that the vortex 621 
production by plant-flapping is not restricted to the mid-scale range but also occurs at scales 622 
similar to the mixing layer vortices. It is possible that this explains the presence of two very 623 
similar low frequency scales within the wavelet plot (Figure 8b) which split and merge 624 
through time.  Neither the additional vortex occurrence at wake scales within the semi-rigid 625 
canopy, nor the additional vortex generation in the mid-scale range in the highly flexible 626 
canopy observed in Figure 12 alter the bulk vortex characteristics as demonstrated by the 627 
similarity in Figure 14 for scales less than 0.1m. We suggest that this may be due to the fact 628 
that both these vortex production mechanisms generate both positive and negative vortices 629 
and therefore produce a net zero vorticity. Vortices at these smaller scales are likely to 630 
comprise both decaying mixing layer turbulence and additional turbulence production. 631 
However, the net vorticity signals of these two processes are likely to be similar. Thus we 632 
suggest that it is only mixing layer turbulence processes that significantly alter the vortex 633 
characteristics. The exception to this is at the very largest scales in the highly flexible 634 
simulation where positive vortices dominate. Here the vorticity is equal to zero suggesting the 635 
dominance of stem flapping vortices. However, the proportion of vortices that are positive is 636 
approximately 90% rather than the 50% expected from this vortex generation mechanism. 637 
 638 
These results suggest a more complex picture of turbulence production within highly flexible 639 
canopies, which retains canopy mixing layer structure, but also exhibits additional turbulence 640 
production mechanisms related to stem flexibility. For highly flexible aquatic macrophytes 641 
with more complex form and foliage than considered here, we suggest that the role of this 642 
plant-flapping scale turbulence may be even further increased. However, the presence of 643 
foliage has also been shown to inhibit momentum exchange [61] and we note this as an area 644 
for future research. The turbulence generated by this mechanism has been shown to generate 645 
large-scale turbulent structures and additional high magnitude turbulent quadrant (Reynolds 646 
stress) events. Therefore, we suggest the utility of canopy-layer experiments and models 647 
employing semi-rigid or rigid vegetation analogues in drawing conclusions on flow and 648 
sediment processes in natural channels with highly flexible vegetation should be carefully 649 
considered. 650 
 651 
Future work should be directed at evaluating the observed patterns over a wide range of 652 
canopy densities and plant forms. In order to characterise the effect of vegetation with highly 653 
complex morphology, as observed in natural environments, further model development is 654 
required to increase our capability of modelling fluid-structure interaction with increasing 655 
resolution and accuracy. This may involve more strongly couple fluid-structure interaction 656 
models, dynamic meshing and more sophisticated turbulence models. In particular, we 657 
highlight the need to investigate the fine-scale turbulence processes operating at the wake-658 
scale and the effect these may have on larger scale turbulence dynamics through turbulent 659 
backscatter. Nevertheless, we suggest that the methodology applied here provides a useful 660 
approach for characterising flow-vegetation interactions. 661 
 662 
7. Conclusion 663 
This paper presents results from numerical simulations of flow through two canopies: one 664 
semi-rigid and one highly flexible. Two different models were employed to capture the 665 
dynamics of each canopy based upon their characterisation as ‘bending’ and ‘tensile’ 666 
canopies respectively. These models were applied to similar flow conditions in order to 667 
evaluate their agreement with canopy flow theory. The main conclusions of this study are: 668 
1. The fundamentals of canopy flow generalise across a wide range of vegetation 669 
rigidities. This includes the mixing layer flow profile, vortex generation and 670 
occurrence of turbulent sweep and ejection events. 671 
2. However, highly flexible canopies exhibit evidence of additional turbulent processes 672 
at scales that are different to those expected for mixing layers and other known 673 
turbulent processes (e.g. boundary layers and wakes) 674 
3. These processes are most likely related to plant-flapping induced turbulence. Other 675 
than through elastic-response, such plant-related turbulent processes have not been 676 
extensively studied, but may contribute a hereto unrecognised influence on flow and 677 
channel processes in aquatic environments.  678 
References 679 
1. Franklin P, Dunbar M, Whitehead P (2008) Flow controls on lowland river macrophytes: 680 
A review. Science of The Total Environment 400 (1–3):369-378 681 
2. Jarvela J (2002) Flow resistance of flexible and stiff vegetation: a flume study with natural 682 
plants. J Hydrology 269 (1-2):44-54 683 
3. Nepf H, Ghisalberti M, White B, Murphy E (2007) Retention time and dispersion 684 
associated with submerged aquatic canopies. Water Resour Res 43 (4):10. 685 
doi:10.1029/2006wr005362 686 
4. Green JC (2005) Comparison of blockage factors in modelling the resistance of channels 687 
containing submerged macrophytes. River Res Appl 21 (6):671-686. doi:10.1002/rra.854 688 
5. Ikeda S, Kanazawa M (1996) Three-dimensional organized vortices above flexible water 689 
plants. J Hydraul Eng 122 (11):634-640 690 
6. Nepf HM, Vivoni ER (2000) Flow structure in depth-limited, vegetated flow. J Geophys 691 
Res-Oceans 105 (C12):28547-28557 692 
7. Ghisalberti M, Nepf HM (2002) Mixing layers and coherent structures in vegetated aquatic 693 
flows. J Geophys Res-Oceans 107 (C2):11. doi:10.1029/2001jc000871 694 
8. Okamoto TA, Nezu I (2009) Turbulence structure and "Monami" phenomena in flexible 695 
vegetated open-channel flows. J Hydraul Res 47 (6):798-810. doi:10.3826/jhr.2009.3536 696 
9. Sand-Jensen KAJ, Jeppesen E, Nielsen K, Van Der Bijl L, Hjermind L, Nielsen LW, 697 
Ivlrsln TM (1989) Growth of macrophytes and ecosystem consequences in a lowland Danish 698 
stream. Freshw Biol 22 (1):15-32. doi:10.1111/j.1365-2427.1989.tb01080.x 699 
10. López F, García M (1998) open-channel flow through simulated vegetation: Suspended 700 
sediment transport modeling. Water Resour Res 34 (9):2341-2352. doi:10.1029/98wr01922 701 
11. Dawson FH (1981) The downstream transport of fine material and the organic-matter 702 
balance for a section of a small chalk stream in southern England. J Ecol 69 (2):367-380. 703 
doi:10.2307/2259673 704 
12. Liu D, Diplas P, Fairbanks JD, Hodges CC (2008) An experimental study of flow through 705 
rigid vegetation. J Geophys Res 113. doi:10.1029/2008jf001042 706 
13. Westlake (1975) Macrophytes. In: Whitton BA (ed) River Ecology, vol 2. University of 707 
California Press, California,  708 
14. Nepf HM (2012) Flow and Transport in Regions with Aquatic Vegetation. Ann Rev Fluid 709 
Mech 44 (1):123-142. doi:doi:10.1146/annurev-fluid-120710-101048 710 
15. Finnigan J (2000) Turbulence in Plant Canopies. Ann Rev Fluid Mech 32 (1):519-571. 711 
doi:doi:10.1146/annurev.fluid.32.1.519 712 
16. Raupach MR, Finnigan JJ, Brunet Y (1996) Coherent eddies and turbulence in vegetation 713 
canopies: The mixing-layer analogy. Bound-Layer Meteor 78 (3-4):351-382 714 
17. Finnigan JJ, Shaw RH, Patton EG (2009) Turbulence structure above a vegetation 715 
canopy. J Fluid Mech 637:387-424. doi:doi:10.1017/S0022112009990589 716 
18. Ackerman JD, Okubo A (1993) Reduced Mixing in a Marine Macrophyte Canopy. 717 
Functional Ecology 7 (3):305-309. doi:10.2307/2390209 718 
19. Dijkstra JT, Uittenbogaard RE (2010) Modeling the interaction between flow and highly 719 
flexible aquatic vegetation. Water Resour Res 46 (12):W12547. doi:10.1029/2010wr009246 720 
20. Marjoribanks TI, Hardy RJ, Lane SN, Parsons DR (2014) High-resolution numerical 721 
modelling of flow—vegetation interactions. J Hydraul Res 52 (6):775-793. 722 
doi:10.1080/00221686.2014.948502 723 
21. Shaw RH, Schumann U (1992) Large-eddy simulation of turbulent flow above and within 724 
a forest. Bound-Layer Meteor 61 (1):47-64. doi:10.1007/bf02033994 725 
22. Ghisalberti M, Nepf HM (2009) Shallow Flows Over a Permeable Medium: The 726 
Hydrodynamics of Submerged Aquatic Canopies. Transp Porous Media 78 (3):385-402. 727 
doi:10.1007/s11242-009-9434-x 728 
23. Nezu I, Sanjou M (2008) Turburence structure and coherent motion in vegetated canopy 729 
open-channel flows. J Hydro-env Res 2 (2):62-90 730 
24. Finnigan J (1979) Turbulence in waving wheat I. Mean statistics ans Honami. Bound-731 
Layer Meteor 16 (2):181-211. doi:10.1007/bf02350511 732 
25. Lopez F, Garcia MH (2001) Mean flow and turbulence structure of open-channel flow 733 
through non-emergent vegetation. J Hydraul Eng 127 (5):392-402 734 
26. Rogers MM, Moser RD (1992) The three-dimensional evolution of a plane mixing layer: 735 
the Kelvin–Helmholtz rollup. J Fluid Mech 243:183-226. 736 
doi:doi:10.1017/S0022112092002696 737 
27. Inoue E (1963) On the Turbulent Structure of Airflow within Crop Canopies. Journal of 738 
the Meteorological Society of Japan Ser II 41 (6):317-326 739 
28. Raupach MR, Shaw RH (1982) Averaging procedures for flow within vegetation 740 
canopies. Bound-Layer Meteor 22 (1):79-90. doi:10.1007/bf00128057 741 
29. Raupach MR, Thom AS (1981) Turbulence in and above plant canopies. Ann Rev Fluid 742 
Mech 13:97-129 743 
30. Nezu I, Onitsuka K (2001) Turbulent structures in partly vegetated open-channel flows 744 
with LDA and PIV measurements. J Hydraul Res 39 (6):629-642 745 
31. Ho CM, Huerre P (1984) Perturbed Free Shear Layers. Ann Rev Fluid Mech 16:365-424. 746 
doi:10.1146/annurev.fluid.16.1.365 747 
32. Ghisalberti M, Nepf HM (2006) The Structure of the Shear Layer in Flows over Rigid 748 
and Flexible Canopies. Environ Fluid Mech 6 (3):277-301. doi:10.1007/s10652-006-0002-4 749 
33. Ghisalberti M, Nepf HM (2004) The limited growth of vegetated shear layers. Water 750 
Resour Res 40 (7):W07502. doi:10.1029/2003wr002776 751 
34. Lu SS, Willmart WW (1973) Measurements of the structure of the Reynolds stress in a 752 
turbulent boundary layer. J Fluid Mech 60 (SEP18):481-511 753 
35. Maitani T (1977) Vertical transport of turbulent kinetic energy in the surface layer over a 754 
paddy field. Bound-Layer Meteor 12 (4):405-423. doi:10.1007/bf00123190 755 
36. Finnigan J (1979) Turbulence in waving wheat II. Structure of Momentum Transfer. 756 
Bound-Layer Meteor 16 (2):213-236. doi:10.1007/bf02350512 757 
37. Maltese A, Cox E, Folkard AM, Ciraolo G, La Loggia G, Lombardo G (2007) Laboratory 758 
Measurements of Flow and Turbulence in Discontinuous Distributions of Ligulate Seagrass. J 759 
Hydraul Eng 133 (7):750-760 760 
38. Maitani T (1978) On the downward transport of turbulent kinetic energy in the surface 761 
layer over plant canopies. Bound-Layer Meteor 14 (4):571-584. doi:10.1007/bf00121896 762 
39. Kanda M, Hino M (1994) Organized structures in developing turbulent flow within and 763 
above a plant canopy, using a Large Eddy Simulation. Bound-Layer Meteor 68 (3):237-257. 764 
doi:10.1007/bf00705599 765 
40. White BL, Nepf HM (2007) Shear instability and coherent structures in shallow flow 766 
adjacent to a porous layer. J Fluid Mech 593:1-32. doi:10.1017/s0022112007008415 767 
41. Kouwen N, Unny TE (1973) Flexible roughness in open channels. Journal of the 768 
Hydraulics Division-Asce 101 (NHY1):194-196 769 
42. Inoue E (1955a) Studies of the phenomenon of waving plants ("Honami") caused by 770 
wind. I. Mechanism of waving and characteristics of waving plants phenomena. Journal of 771 
Agricultural Meteorology (Tokyo) 11:18-22 772 
43. Grizzle RE, Short FT, Newell CR, Hoven H, Kindblom L (1996) Hydrodynamically 773 
induced synchronous waving of seagrasses: ‘monami’ and its possible effects on larval 774 
mussel settlement. Journal of Experimental Marine Biology and Ecology 206 (1–2):165-177 775 
44. Inoue E (1955b) Studies of the phenomenon of waving plants ("Honami") caused by 776 
wind. II Spectra of waving plants and plants vibration. Journal of Agricultural Meteorology 777 
(Tokyo) 11:87-90 778 
45. Maitani T (1979) An observational study of wind-induced waving of plants. Bound-Layer 779 
Meteor 16 (3):49-65. doi:10.1007/bf02524397 780 
46. Ikeda S, Kanazawa M, Ohta K (1995) Flow over flexible vegetation and 3-D structure of 781 
organized vortex associated with honami. Journal of Hydraulic, Coastal and Environmental 782 
Enginerring, 515:33-43 783 
47. Dunn C, Lopez F, Garcia MH (1996) Mean flow and turbulence in a laboratory channel 784 
with simulated vegetation. Hydrosystems laboratory hydraulic engineering series. University 785 
of Illinois, Urbana 786 
48. Nepf H, Ghisalberti M (2008) Flow and transport in channels with submerged vegetation. 787 
Acta Geophysica 56 (3):753-777. doi:10.2478/s11600-008-0017-y 788 
49. Chambers PA, Kaiff J (1985) Depth Distribution and Biomass of Submersed Aquatic 789 
Macrophyte Communities in Relation to Secchi Depth. Canadian Journal of Fisheries and 790 
Aquatic Sciences 42 (4):701-709. doi:10.1139/f85-090 791 
50. O'Hare MT (2015) Aquatic vegetation – a primer for hydrodynamic specialists. J Hydraul 792 
Res 53 (6):687-698. doi:10.1080/00221686.2015.1090493 793 
51. Marion A, Nikora V, Puijalon S, Bouma T, Koll K, Ballio F, Tait S, Zaramella M, 794 
Sukhodolov A, O'Hare M, Wharton G, Aberle J, Tregnaghi M, Davies P, Nepf H, Parker G, 795 
Statzner B (2014) Aquatic interfaces: a hydrodynamic and ecological perspective. J Hydraul 796 
Res 52 (6):744-758. doi:10.1080/00221686.2014.968887 797 
52. Ennos AR (1999) The aerodynamics and hydrodynamics of plants. Journal of 798 
Experimental Biology 202 (23):3281-3284 799 
53. Maberly SC (2014) The fitness of the environments of air and water for photosynthesis, 800 
growth, reproduction and dispersal of photoautotrophs: An evolutionary and biogeochemical 801 
perspective. Aquatic Botany 118:4-13. doi:http://dx.doi.org/10.1016/j.aquabot.2014.06.014 802 
54. Luhar M, Nepf HM (2011) Flow-induced reconfiguration of buoyant and flexible aquatic 803 
vegetation. Limnol Oceanogr 56 (6):2003-2017. doi:10.4319/lo.2011.56.6.2003 804 
55. Denny M, Gaylord B (2002) The mechanics of wave-swept algae. Journal of 805 
Experimental Biology 205 (10):1355-1362 806 
56. Sand-Jensen K (2003) Drag and reconfiguration of freshwater macrophytes. Freshw Biol 807 
48 (2):271-283 808 
57. Nikora V (2010) Hydrodynamics of aquatic ecosystems: An interface between ecology, 809 
biomechanics and environmental fluid mechanics. River Res Appl 26 (4):367-384. 810 
doi:10.1002/rra.1291 811 
58. Nepf HM (1999) Drag, turbulence, and diffusion in flow through emergent vegetation. 812 
Water Resour Res 35 (2):479-489 813 
59. Albayrak I, Nikora V, Miler O, O’Hare M (2011) Flow-plant interactions at a leaf scale: 814 
effects of leaf shape, serration, roughness and flexural rigidity. Aquat Sci 74 (2):267-286. 815 
doi:10.1007/s00027-011-0220-9 816 
60. Bal KD, Bouma TJ, Buis K, Struyf E, Jonas S, Backx H, Meire P (2011) Trade-off 817 
between drag reduction and light interception of macrophytes: comparing five aquatic plants 818 
with contrasting morphology. Functional Ecology 25 (6):1197-1205. doi:10.1111/j.1365-819 
2435.2011.01909.x 820 
61. Wilson C, Stoesser T, Bates PD, Pinzen AB (2003) Open channel flow through different 821 
forms of submerged flexible vegetation. J Hydraul Eng 129 (11):847-853. 822 
doi:10.1061/(asce)0733-9429(2003)129:11(847) 823 
62. Zhang X, Nepf HM (2011) Exchange flow between open water and floating vegetation. 824 
Environ Fluid Mech 11 (5):531-546. doi:10.1007/s10652-011-9213-4 825 
63. Spalding DB (1980) Mathematical Modelling of Fluid Mechanics, Heat Transfer and 826 
Mass Transfer Processes. Mech. Eng. Dept., Imperial College of Science, Technology and 827 
Medicine, London 828 
64. Lane SN, Hardy RJ, Elliott L, Ingham DB (2004) Numerical modeling of flow processes 829 
over gravelly surfaces using structured grids and a numerical porosity treatment. Water 830 
Resour Res 40 (1):18 831 
65. Kim SJ, Stoesser T (2011) Closure modeling and direct simulation of vegetation drag in 832 
flow through emergent vegetation. Water Resour Res 47 (10):W10511. 833 
doi:10.1029/2011wr010561 834 
66. Felippa CA, Park KC, Farhat C (2001) Partitioned analysis of coupled mechanical 835 
systems. Comput Meth Appl Mech Eng 190 (24-25):3247-3270. doi:10.1016/s0045-836 
7825(00)00391-1 837 
67. Ikeda S, Yamada T, Toda Y (2001) Numerical study on turbulent flow and honami in and 838 
above flexible plant canopy. International Journal of Heat and Fluid Flow 22 (3):252-258 839 
68. Finnigan JJ, Mulhearn PJ (1978) Modelling waving crops in a wind tunnel. Bound-Layer 840 
Meteor 14 (2):253-277. doi:10.1007/bf00122623 841 
69. Abdelrhman MA (2007) Modeling coupling between eelgrass Zostera marina and water 842 
flow. Mar Ecol-Prog Ser 338:81-96. doi:10.3354/meps338081 843 
70. Siniscalchi F, Nikora V (2013) Dynamic reconfiguration of aquatic plants and its 844 
interrelations with upstream turbulence and drag forces. J Hydraul Res 51 (1):46-55. 845 
doi:10.1080/00221686.2012.743486 846 
71. Rogers MM, Moser RD (1994) Direct simulation of a self-similar turbulent mixing layer. 847 
Phys Fluids 6 (2):903-923 848 
72. Sukhodolov AN, Sukhodolova TA (2012) Vegetated mixing layer around a finite-size 849 
patch of submerged plants: Part 2. Turbulence statistics and structures. Water Resour Res 48 850 
(12):W12506. doi:10.1029/2011WR011805 851 
73. Farge M (1992) Wavelet Transforms and their Applications to Turbulence. Ann Rev 852 
Fluid Mech 24 (1):395-458. doi:doi:10.1146/annurev.fl.24.010192.002143 853 
74. Hardy RJ, Best JL, Lane SN, Carbonneau PE (2009) Coherent flow structures in a depth-854 
limited flow over a gravel surface: The role of near-bed turbulence and influence of Reynolds 855 
number. J Geophys Res-Earth Surf 114:18. doi:10.1029/2007jf000970 856 
75. Welch P (1967) The use of fast Fourier transform for the estimation of power spectra: A 857 
method based on time averaging over short, modified periodograms. Audio and 858 
Electroacoustics, IEEE Transactions on 15 (2):70-73 859 
76. Hunt JCR, Wray AA, Moin P (1988) Eddies, stream and convergence zones in turbulent 860 
flows. Center for Turbulence Research Report, vol CTR-S88.  861 
77. Cucitore R, Quadrio M, Baron A (1999) On the effectiveness and limitations of local 862 
criteria for the identification of a vortex. European Journal of Mechanics - B/Fluids 18 863 
(2):261-282 864 
78. Green MA, Rowley CW, Haller G (2007) Detection of Lagrangian coherent structures in 865 
three-dimensional turbulence. J Fluid Mech 572:111-120. doi:10.1017/s0022112006003648 866 
79. Haller G (2000) Finding finite-time invariant manifolds in two-dimensional velocity 867 
fields. Chaos: An Interdisciplinary Journal of Nonlinear Science 10 (1):99-108 868 
80. Shadden SC, Lekien F, Marsden JE (2005) Definition and properties of Lagrangian 869 
coherent structures from finite-time Lyapunov exponents in two-dimensional aperiodic flows. 870 
Physica D 212 (3-4):271-304. doi:10.1016/j.physd.2005.10.007 871 
81. Stoesser T, Kim SJ, Diplas P (2010) Turbulent Flow through Idealized Emergent 872 
Vegetation. J Hydraul Eng 136 (12):1003-1017. doi:10.1061/(asce)hy.1943-7900.0000153 873 
82. Hardy RJ, Lane SN, Ferguson RI, Parsons DR (2007) Emergence of coherent flow 874 
structures over a gravel surface: A numerical experiment. Water Resour Res 43 (3):14. 875 
doi:W03422 876 
10.1029/2006wr004936 877 
83. Fraga B, Stoesser T, Lai CCK, Socolofsky SA (2016) A LES-based Eulerian–Lagrangian 878 
approach to predict the dynamics of bubble plumes. Ocean Modelling 97:27-36. 879 
doi:http://dx.doi.org/10.1016/j.ocemod.2015.11.005 880 
84. Shaw RH, Tavangar J, Ward DP (1983) Structure of the Reynolds Stress in a Canopy 881 
Layer. Journal of Climate and Applied Meteorology 22 (11):1922-1931. 882 
doi:doi:10.1175/1520-0450(1983)022<1922:SOTRSI>2.0.CO;2 883 
85. Velasco D, Bateman A, Redondo JM, Demedina V (2003) An open channel flow 884 
experimental and theoretical study of resistance and turbulent characterization over flexible 885 
vegetated linings. Flow Turbul Combust 70 (1-4):69-88. 886 
doi:10.1023/b:appl.0000004932.81261.40 887 
86. Zhang J, Childress S, Libchaber A, Shelley M (2000) Flexible filaments in a flowing soap 888 
film as a model for one-dimensional flags in a two-dimensional wind. Nature 408 889 
(6814):835-839 890 
87. Connell BSH, Yue DKP (2007) Flapping dynamics of a flag in a uniform stream. J Fluid 891 
Mech 581:33-68. doi:10.1017/s0022112007005307 892 
88. Michelin S, Smith SGL, Glover BJ (2008) Vortex shedding model of a flapping flag. J 893 
Fluid Mech 617:1-10. doi:10.1017/s0022112008004321 894 
89. Py C, de Langre E, Moulia B (2006) A frequency lock-in mechanism in the interaction 895 
between wind and crop canopies. J Fluid Mech 568:425-449. 896 
doi:10.1017/s002212006002667 897 
 898 
  899 
 900 
Fig. 1 Schematic model of canopy flow. The difference between the velocity within (𝑈1) and 901 
above (𝑈2) the canopy leads to the development of an inflected velocity profile (dashed line). 902 
This velocity profile can be split into 3 zones: i) the canopy zone, ii) the mixing zone and iii) 903 
the log law zone. At the inflection point, Kelvin-Helmholtz instabilities form (dotted line) 904 
which develop into roller vortices which are convected downstream along the canopy top. 905 
These vortices are stretched and form pairs of head up (H-U) and head down (H-D) hairpin 906 
vortices which induce ejection and sweep events respectively (blue arrows). Sweep and 907 
ejection events have also been linked to the passage of the roller vortices (blue arrows). 908 
  909 
 910 
 911 
Fig. 2 Plan view schematic of the simulation setup with flow from left to right with the 912 
vegetation canopy shown by the shaded region. Domain not drawn to scale. 913 
  914 
 915 
Fig. 3 Instantaneous snapshots of (a) wake flow, (b) shear flow and (c) the entire domain. 916 
Subfigures (b) and (c) demonstrate typical plant positions for the semi-rigid and highly-917 
flexible canopies respectively. Flow is from left to right 918 
  919 
 920 
Fig. 4 Normalised velocity profiles for the semi-rigid (SR) and highly flexible (HF) canopies, 921 
as well as the idealised mixing layer profile as used by Ghisalberti and Nepf [7]. 922 
  923 
 924 
Fig. 5 Downstream velocity profiles for the semi-rigid (SR) and highly flexible (HF) 925 
canopies. 926 
  927 
 928 
 929 
Fig. 6 Normalised Reynolds stress profiles for the semi-rigid (SR) and highly flexible (HF) 930 
canopies. The experimental mixing layer profile of Rogers and Moser [71] (R&M) and the 931 
theoretical canopy profile of Sukhodolov and Sukhodolova [72] (S&S) are also shown. 932 
  933 
 934 
Fig. 7 Power spectra for the velocity (a & b) and stem height (c & d) time series for the semi-935 
rigid (a & c) and highly flexible (b & d) canopies. The Kolmogorov -5/3 scale is shown by 936 
the triangle while the lines represent the scales corresponding to the predicted K-H (𝑓𝐾𝐻) and 937 
vegetation-induced (𝑓𝑣) frequencies. 938 
  939 
 940 
Fig. 8 Wavelet spectra for the semi-rigid (a) and highly flexible (b) canopies. The black lines 941 
indicate the predicted KH vortex frequencies. 942 
  943 
 944 
Fig. 9 Quadrant profiles for the semi-rigid (SR) and highly flexible (HF) showing the vertical 945 
distribution of high energy quadrant events (H=2). Approximate canopy heights are shown by 946 
the black lines for the SR (solid) and HF (dashed) cases. 947 
  948 
 949 
Fig. 10 Vortex identification for the semi-rigid canopy using (a) Reynolds stress (contours) 950 
and instantaneous velocities (streamlines) (b) vorticity, (c) Q criterion and (d) FTLE methods. 951 
Flow is from left to right and for clarity, only flow above the canopy is shown. The mean 952 
canopy height is at 0.35z/h 953 
 954 
Fig. 11 Vortex identification for the highly flexible canopy using (a) Reynolds stress 955 
(contours) and instantaneous velocities (streamlines) (b) vorticity, (c) Q criterion and (d) 956 
FTLE methods. Flow is from left to right and for clarity, only flow above the canopy is 957 
shown. Black arrows highlight the presence of potentially plant-shed vortices. The mean 958 
canopy height is at 0.27z/h. 959 
  960 
                                                                961 
Fig. 12 Occurrence of different sized vortices throughout a 2D x-z slice of the domain for the 962 
duration of the simulation for the semi-rigid (SR) and highly flexible (HF) canopies. 963 
  964 
 965 
Fig. 13 Occurrence of different sized vortices at the location of the time series extracted for 966 
the wavelet analysis during the first 10s of the semi-rigid canopy simulation. 967 
  968 
 969 
Fig. 14 Distribution of vortex sign (rotation direction) and mean vorticity with vortex 970 
diameter. Positive sign corresponds to anti-clockwise rotation and negative sign to clockwise 971 
rotation. The bars demonstrate the proportion of vortices of each sign for the semi-rigid 972 
(blue) and highly flexible (red) canopies. The lines plot the mean vorticity for each vortex 973 
size class, for the semi-rigid (solid) and highly flexible (dotted) canopies. 974 
